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PREFACE TO THE SECOND EDITION
The first edition of this book was published some eight years ago. During this period of time, a number of new significant developments have taken place in the field of electrochemical deposition. It is this progress that makes the second edition desirable and indeed, necessary.
Specifically, in this edition we have made updates to most chapters. We have also added three new chapters dealing with important applications of electrochemical deposition in the areas of semiconductor technology (Chapter 19), magnetism and microelectronics (Chapter 20) , and medicine (Chapter 21). In Chapter 19 we describe development of electrodeposition of copper interconnects on chips as one major advance in microelectronics. In Chapter 20, applications relevant to magnetic information/data storage are highlighted. In Chapter 21 we discuss applications relating to issues of electrochemical deposition of medical devices, highlighting surface electrochemistry. In this context it is noted that in the last decade or so, a number of first-tier universities have been introducing courses dealing with electrochemical deposition and its many practical applications.
Last, but not least, we have added problems for the benefit of those who intend to use this book as a text in an appropriate university course at the graduate or senior undergraduate level.
We are indebted to a number of people, probably too many to be mentioned, with one exception. M.S. thanks his wife, Sarah, for always being there, and M.P. thanks his grandchildren, Nicole, Alexander, Daniel, and Isabel, for constant encouragement.
MILAN PAUNOVIC
Port Washington, New York
MORDECHAY SCHLESINGER
Windsor, Ontario, Canada
ix
PREFACE TO THE FIRST EDITION
Electrochemical deposition has, over recent decades, evolved from an art to an exact science. This development is seen as responsible for the ever-increasing number and widening types of applications of this branch of practical science and engineering.
Some of the technological areas in which means and methods of electrochemical deposition constitute an essential component are all aspects of electronics-macro and micro, optics, optoelectronics, and sensors of most types, to name only a few. In addition, a number of key industries, such as the automobile industry, adopt the methods even when other methods, such as evaporation, sputtering, chemical vapor deposition (CVD), and the like, are an option. That is so for reasons of economy and/or convenience.
By way of illustration, it should be noted that modern electrodeposition equips the practitioner with the ability to predesign the properties of surfaces, and in the case of electroforming, those of the whole part. Furthermore, the ability to deposit multilayers of thicknesses in the nanometer region, via electrochemical methods, represents yet a new avenue of producing new materials.
This book, whose title and subject matter are fundamental to the science of electrochemical deposition, is intended for readers who are newcomers to the field as well as to those practitioners who wish to broaden and sharpen their skills in using this technology.
It may be considered a fortunate coincidence that this book is published at the time of the introduction of copper interconnection technology in the microelectronics industry. In 1998 the major electronic manufacturers of integrated circuits (ICs) are switching from aluminum conductors produced by physical methods (evaporation) to copper conductors manufactured by electrochemical methods (electrodeposition). This revolutionary change from physical to electrochemical techniques in the production of microconductors on silicon is bound to generate an increased interest and an urgent need for familiarity with the fundamentals of electrochemical deposition. This book should be of great help in this crucial time.
The book is divided into 18 chapters, presented in a logical and practical order as follows. After a brief introduction (Chapter 1) comes the discussion of ionic solutions (Chapter 2), followed by the subjects of metal surfaces (Chapter 3) and metal solution interphases (Chapter 4). Electrode potential, deposition kinetics, and thinfilm nucleation are the themes of the next three chapters (5-7). Next come electroless and displacement-type depositions (Chapter 8 and 9), followed by the chapters dealing with the effects of additives and the science and technology of alloy deposition x PREFACE TO THE FIRST EDITION (Chapters 10 and 11). Current distribution during deposition and both in situ and ex situ deposit characterization are the focus of Chapters 12-14. Electronic design (mathematical modeling) is the subject of Chapter 15, followed by the issues of structure, properties of deposits, multilayers, and interdiffusion (Chapters [16] [17] [18] .
Each chapter is self-contained and independent of the other chapters; thus the chapters do not have to be read in consecutive order or as a continuum, and readers who are familiar with the material in certain chapters may skip those chapters and still derive maximum benefit from the chapters they read.
As the title page indicates, the two of us, the authors, come from different and at the same time complementing environments. One of us (M.P.) has been with industry and the other (M.S.), with academia for most of our respective carriers. This gave rise to the unique style and flavor of the book hereby presented to the reader.
To sum up, this book may and should be viewed as either a textbook for advanced science and engineering students, a reference book for the practitioners of deposition, or as a resource book for the science-minded individuals who desire to familiarize themselves with a modern, exciting, and ever-evolving field of practical knowledge.
It is a pleasure to gratefully acknowledge the professional help and support of the staff at John Wiley & Sons.
Finally, we would like to express our heartfelt gratitude to many individuals in The Electrochemical Society and in particular to members of the Electrodeposition Division as well as to our respective families for support and encouragement. This can be accomplished by means of two different processes: (1) an electrodeposition process in which z electrons (e) are provided by an external power supply, and (2) an electroless (autocatalytic) deposition process in which a reducing agent in the solution is the electron source (no external power supply is involved). These two processes, electrodeposition and electroless deposition, constitute the electrochemical deposition. In this book we treat both of these processes. In either case our interest is in a metal electrode in contact with an aqueous ionic solution. Deposition reaction presented by Eq. (1.1) is a reaction of charged particles at the interface between a solid metal electrode and a liquid solution. The two types of charged particles, a metal ion and an electron, can cross the interface.
Four types of fundamental subjects are involved in the process represented by Eq. (1.1): (1) metal-solution interface as the locus of the deposition process, (2) kinetics and mechanism of the deposition process, (3) nucleation and growth processes of the metal lattice (M lattice ), and (4) structure and properties of the deposits. The material in this book is arranged according to these four fundamental issues. We start by considering in the first three chapters the basic components of an electrochemical cell for deposition. Chapter 2 treats water and ionic solutions; Chapter 3, metal and metal surfaces; and Chapter 4, the metal-solution interface. In Chapter 5 we discuss the potential difference across an interface, and in Chapter 6, M M solution lattice z ze ϩ ϩ → the kinetics and mechanisms of electrodeposition. Nucleation and growth of thin films and formation of the bulk phase are treated in Chapter 7. Electroless deposition and deposition by displacement are the subject of Chapters 8 and 9, respectively. In Chapter 10 we discuss the effects of additives in the deposition and nucleation and growth processes. Simultaneous deposition of two or more metals, alloy deposition, is discussed in Chapter 11. The manner in which current and metal are distributed on the substrate is the subject of Chapter 12. Characterization of metal surfaces before and/or after deposition and during the deposition process is treated in Chapters 13 and 14. Chapter 15 treats modeling of the deposition process. Structure and properties of deposits are treated in Chapters 16 to 18.
It is seen from the above that the present book contains a number of different types of material, and it is likely that on first reading, some readers, will want to use some chapters, whereas others may want to use different ones. For this reason the chapters and their various sections have been made independent of each other as far as possible. Certain chapters can be omitted without causing difficulties in reading succeeding chapters. For example, Chapters 3 (on metals and metal surfaces), 7 (on nucleation and growth models), 14 (on in situ characterization of deposition processes), and 15 (mathematical modeling in electrochemistry) can be omitted on first reading. Thus, the book can be used in a variety of ways to serve the needs of different readers.
RELATION OF ELECTROCHEMICAL DEPOSITION TO OTHER SCIENCES
The relation of electrochemical deposition to other sciences may be appreciated by considering the above-mentioned four types of fundamental problems associated with Eq. (1.1).
The metal-solution interface as the locus of the deposition processes.
This interface has two components: a metal and an aqueous ionic solution. To understand this interface, it is necessary to have a basic knowledge of the structure and electronic properties of metals, the molecular structure of water, and the structure and properties of ionic solutions. The structure and electronic properties of metals are the subject matter of solid-state physics. The structure and properties of water and ionic solutions are (mainly) subjects related to chemical physics (and physical chemistry). Thus, to study and understand the structure of the metal-solution interface, it is necessary to have some knowledge of solid-state physics as well as of chemical physics. Relevant presentations of these subjects are given in Chapters 2 and 3.
2. Kinetics and mechanism of the deposition process. The rate of the deposition reaction n [Eq. (1.1)] is defined as the number of moles of M zϩ depositing per second and per unit area of the electrode surface: where k B is the Boltzmann constant, T is the absolute temperature, h is the Planck constant, ⌬G e ‡ is the electrochemical activation energy, and R is the gas constant. The electrochemical activation energy is a function of the electrode potential E:
This account of electrochemical kinetics shows why understanding and development of electrochemical deposition depends on statistical mechanics, which itself was developed by both physicists and chemists. The interpretation of ⌬G ‡ e is connected also to quantum mechanics.
3. Nucleation and growth processes of the metal lattice. Understanding of the nucleation and growth of surface nuclei, formation of monolayers and multilayers, and growth of coherent bulk deposit is based on knowledge of condensed-matter physics and physical chemistry of surfaces.
4. Structure and properties of deposits. These can be understood and interpreted on the basis of a variety of surface and bulk analytic techniques and methods that reveal electrical, magnetic, and physical properties of metals and alloys.
The authors of this book believe that this review of the relationship between the subject of electrochemical deposition and other sciences justifies one important general conclusion: that electrochemical deposition is a fascinating field. We hope that the readers will agree with this and work diligently on understanding, development, and/or applications of the fundamentals of electrochemical deposition.
BRIEF HISTORY OF ELECTROCHEMICAL DEPOSITION
An overview of a scientific subject must include at least two parts: retrospect (history) and the present status. The present status (in a condensed form) is presented in Chapters 2 to 21. In this section of the overview we outline (sketch) from our subjective point of view the history of electrochemical deposition science. In Section 1.2 we show the relationship of electrochemical deposition to other sciences. In this section we show how the development of electrodeposition science was dependent on the development of physical sciences, especially physics and chemistry in general. It is interesting to note that the electron was discovered in 1897 by J. J. Thomson, and the Rutherford-Bohr model of the atom was formulated in 1911.
The history of the subject matter of this book may be divided into three periods:
• 1905-1935. The linear relationship between the overpotential h and log i (logarithm of the current density i; i ϭ I/A, where I is the current and A is the surface area of the electrode) was established experimentally in 1905 by Tafel (1):
where a and b are constants. Overpotential h is defined as the difference between the potential of the electrode through which an external current I is flowing, E(I), and the equilibrium potential of the electrode (potential in the absence of external current) E:
Erdey-Gruz and Volmer (2) derived the current-potential relationship in 1930 using the Arrhenius equation (1889) for the reaction rate constant and introduced the transfer coefficient. They also formulated the nucleation model of electrochemical crystal growth. Marton and Schlesinger (15) studied the nucleation and growth of electrolessly deposited thin nickel (Ni-P) films. These studies were later extended and complemented
by the studies performed by Cortijo and Schlesinger (19, 20) on radial distribution functions (RDFs). RDF curves were derived from electron diffraction data obtained from similar types of films as well as electrolessly deposited copper ones. Those studies, taken together, have elucidated the process of crystallization in the electroless deposition of thin metal films. Rynders and Alkire (26) studied propagation of copper microsteps on platinum surfaces using in situ atomic force microscopy.
It is possible that we have missed some important contributions in this sketch of history. However, we hope that readers will appreciate that this type of presentation is usually influenced by the personal interests of the authors.
NEW TECHNOLOGIES AND NEW INTEREST IN ELECTROCHEMICAL DEPOSITION
There has been a recent upsurge of interest in electrochemical deposition, due mainly to three new technologies: (1) metal deposition for the fabrication of integrated circuits, (2) deposition for magnetic recording devices (heads, disks), and (3) deposition of multilayer structures.
Electrochemical deposition for integrated circuits can be achieved through either electroless or electrodeposition. The feasibility of using selective electroless metal disposition for integrated circuit (IC) fabrication has been demonstrated by Ting et al. (21) and Shacham-Diamand (27) .
Electrodeposition of Cu for IC fabrication has been used successfully since 1997 for the production of interconnection lines down to 0.20 mm width. Electrochemical metal deposition methods represent a very attractive alternative to the conventional IC fabrication processes (33) . Development of electrochemical deposition technology for IC fabrication also represents an excellent opportunity for the electrochemists' community. This opportunity stems from the fact that new electrochemical deposition processes, producing deposits of different structure and properties, are needed to meet requirements of new, sub-micrometer-range computer technologies.
Another area with a large research activity is also related to computer technology. It is electrodeposition of magnetic alloys for thin-film recording heads and magnetic storage media. Here new magnetic materials are needed that have properties superior to those of electrodeposited NiFe (Permalloy). These activities are reviewed by Andricacos and Romankiw (25) and Romankiw (32) .
The third example of new technology with increasing interest is electrodeposition of multilayers. For example, Schlesinger et al. (29) have shown that this technology can be applied to produce systems with nanometer-scale structural and compositional variations. Giant magnetoresistance (GMR) in electrodeposited Ni/Cu and Co/Cu multilayers was reported by Schlesinger et al. (28) . Those constructs have a number of immediate applications in the areas of sensors as well as nanometer-scale electronic circuitry. For a more complete reference list as well as applications to date, see the review article by Schwartzacher and Lashmore (30) .
We hope that readers will enjoy and learn from this book as much as we have enjoyed writing it.
INTRODUCTION
Before discussing metal-solution interphase, we shall discuss the relevant properties of the individual components of an interphase. These individual components are at the same time also basic components of an electrodeposition cell (excluding the power supply). The basic components of an electrodeposition cell are, as shown in Figure 2 .1, two metal electrodes (M 1 and M 2 ), water containing dissolved ions, and two metalsolution interfaces: M 1 -solution and M 2 -solution.
Successful use of this cell for electrodeposition in the production of electrodeposits of desired properties depends on understanding each component: specifically, components of the metal-solution interface. The metal-solution interface is the locus of the electrodeposition process and thus the most important component of an electrodeposition cell.
In this chapter we discuss water and ionic solutions, in Chapter 3, structure of metals and metal surfaces and in Chapter 4, the formation and structure of the metalsolution interface. Discussion is limited to those topics that are directly relevant to the electrodeposition processes and the properties of electrodeposits.
SINGLE WATER MOLECULE
Molecular Dimensions. The nuclei of oxygen and two hydrogens in the water molecule form an isosceles triangle ( Fig. 2.2) . The OᎏH bond length is 0.95718 Å, and the HᎏOᎏH angle is 104.523°.
Molecular Orbital Theory Model. Oxygen and hydrogen atoms in H 2 O are held together by a covalent bond. According to the quantum molecular orbital theory of covalent bonding between atoms, electrons in molecules occupy molecular orbitals that are described, using quantum mechanical language, by a linear combination of atomic orbitals. Thus, for the H 2 O molecule one considers the ground-state configurations of the individual H and O atoms:
Molecular orbital theory of the covalent bond shows a direct relationship between the extent of the overlap of two atomic orbitals and the bond strength. The larger the overlap, the stronger the bond. Maximum overlapping would produce the strongest bond and the most stable system. Maximum overlap of the H and O atomic orbitals can be obtained if one 2s and the three 2p atomic orbitals of oxygen are rearranged to form four equivalent sp 3 hybrid orbitals. Hybrid orbitals are described using linear combinations of atomic orbitals on the same atom. The four sp 3 orbitals are directed in space toward the corners of a regular tetrahedron, as illustrated in Figure 2 nuclei. This equal sharing of the electron pair in the bonding molecular orbital is present in homonuclear molecules such as H 2 and O 2 . However, in heteronuclear molecules this is not so, and in this case there is an unequal electron charge distribution in the bond. Unequal sharing is caused by differences in electron affinities of the two atoms. The atom with greater electron affinity attracts electrons to itself in a chemical bond. In the case of the OᎏH bond, the oxygen atom has greater affinity for electrons, and the result is separation of charge in the bond. The bonding electron pair spends more time near the oxygen than near the hydrogen. Thus, the OᎏH bond is polarized; that is, the hydrogen carries a small partial positive charge, d 
HYDROGEN BOND BETWEEN H 2 O MOLECULES
According to the simple electrostatic model, the hydrogen bond between H 2 O molecules consists of electrostatic interaction between the OᎏH bond dipole of one water molecule and the unshared lone pair of electrons on the oxygen of another water molecule (Fig. 2.6 ). The resulting bond is a hydrogen bond.
Each water molecule can form four hydrogen bonds since it contains two OᎏH bonds and two unshared electron pairs (Fig. 2.7) . Thus, two bonds are formed by means of the molecule's own H atoms and two by means of two lone-pair electrons (Fig. 2.7) . These four hydrogen bonds are directed in the four tetrahedral directions in space (Fig. 2.4) . The hydrogen bond energy between H and O is approximately 5 kcal/mol. Hydrogen bond is much weaker than the covalent bond since the typical covalent bond energy is about 100 kcal/mol. 
MODELS OF LIQUID WATER
In light of the discussion of hydrogen bonds between water molecules, one can expect some degree of association of molecules in liquid water. Many models for the structure of water have been proposed, but we discuss only one. 
IONIC DISSOCIATION OF WATER
Pure neutral water dissociates to a small extent, forming H ϩ and OH Ϫ ions:
Like every other ion, H ϩ and OH Ϫ ions are hydrated in the aqueous solution. The concentration of H ϩ ions in pure water is 1.0 ϫ 10 Ϫ14 mol/L (at 25°C). OH Ϫ ions are naturally at the same concentration.
DIELECTRIC CONSTANT
In this section we discuss ion-ion interaction in solution. For this discussion we need to introduce the dielectric constant of water and basic models for interpretation of the dielectric constant.
According to Coulomb's law, the potential energy of electrostatic interaction U between two point charges, q 1 and q 2 in vacuum, is given by (2.2) with U ϭ 0 at r →ϱ (in esu), where r is the distance between charges. If the same two charges are in a medium other than vacuum, the potential energy of the electrostatic interaction is with e Ͼ 1, where e is the dielectric constant of the medium. Thus, the surrounding medium reduces the potential energy of interaction between charges q 1 and q 2 . If the medium is water, the coulombic interaction is reduced strongly, almost two orders of magnitude, since the dielectric constant of water is 78.5. The high dielectric constant of water can be interpreted in terms of the molecular properties and structure of water. The property that is related to the dielectric constant is the molecular dipole moment m, e ϭ f(m). However, the dipole moment m that determines the value of e is not the dipole moment of an isolated water molecule but rather, the dipole moment of a group of water molecules (a dipole cluster), m group :
where g is the number of water molecules in the cluster and cos g is the average of the cosines of the angles between the dipole moment of the central water molecule and the group of water molecules bonded to the central water molecule. Thus, a decrease in g results in a decrease in m group and thus a decrease in the dielectric constant. This is, for instance, the case when ions enter liquid water (i.e., g decreases). Introduction of ions into water results in structure breaking (i.e., cluster breakup) and formation of independent water dipoles. The net result of this is a decrease in the g value and a subsequent decrease in the dielectric constant.
FORMATION OF IONS IN AQUEOUS SOLUTION
One method of introducing ions into solution is by the dissolution of an ionic crystal (e.g., NaCl). Ionic crystals are composed of separate positive and negative ions (Fig. 2.9 ). The overall dissolution process of an ionic crystal MA (M, M zϩ ; A, A zϪ ) can be represented by the reaction the immediate vicinity of an ion (Fig. 2.11) . One end of the water dipole is attached electrostatically to the oppositely charged ion. The result of this orienting force is that a certain number of water molecules in the immediate vicinity of the ion are preferentially oriented, forming a primary hydration shell of oriented water molecules. These water molecules do not move independently in the solution. Rather, the ion and its primary water sheath form a single entity whose parts move together in the thermal motion and under the influence of an applied electric field. Next to the primary water of hydration is the shell of secondary water of hydration. In this region water molecules are under the influence of the orienting forces of the ion and the hydrogen-bond forces of bulk water molecules. Thus, water molecules in the shell of secondary water of hydration are partially oriented (Fig. 2.12 ). Beyond the secondary water of hydration is the bulk water. Agreement is good between experimentally determined heats of hydration and those calculated theoretically on the basis of the ion-dipole model (13, 15) . negative charges each of value d Ϫ due to the lone electron pair on the oxygen atom ( Fig. 2.13 ).
ION-ION INTERACTION AND DISTRIBUTION OF IONS IN SOLUTION
Ionic Atmosphere. Before considering the distribution of ions in an ionic solution, it is instructive to consider the arrangement (distribution) of ions in an ionic crystal. For example, in a sodium chloride crystal, each ion is surrounded by six nearest neighbors of opposite charge. Each positive Na ϩ ion is surrounded by six negative Cl Ϫ ions, and each negative Cl Ϫ ion is surrounded by six positive Na ϩ ions (Figs. 2.9 and 2.14). Thus, there is an apparent excess of ions of opposite charge around any ion. To some extent, a similar arrangement of ions is found in a dilute solution. Distribution of cations and anions in a solution is such that on average, in time there is a statistical excess of ions of opposite charge around any ion. Each positive ion is surrounded by an atmosphere of negative charge, and each negative ion is surrounded by an atmosphere of positive charge. The local concentration of cations and anions can be evaluated by a Bolzmann type of statistic. Clearly, overall the solution is neutral. Thus, cations and anions are not distributed uniformly in an ionic solution. This is a result of the forces of interaction between ions (ion-ion interaction).
Ions of opposite charge are distributed in a spherical fashion around the central ion. This sphere around the central ion is called the ionic atmosphere (Fig. 2.15 ). This arrangement is dynamic; that is, there is a continuous interchange between ions contained in the ionic atmosphere and ions in the solution.
Debye-Huckel Theory. As shown above the cations and anions in an aqueous solution are not uniformly distributed due to forces of interaction between them (ion-ion interaction). There is a statistical excess (over bulk concentration) of opposite charges around a given ion. Thus, ions in solution are surrounded by an ionic atmosphere of an opposite charge. The total charge in this ionic atmosphere is of opposite sign and equal to the charge of the particular ion.
The discussion above is a description of problem that requires answers to the following: (1) the determination of the distribution of ions around a reference ion, and (2) the determination of the thickness (radius) of the ionic atmosphere. Obviously this is a complex problem. To solve this problem Debye and Huckel used a rather general approach: they suggested an oversimplified model in order to obtain an approximate solutions. The Debye-Huckel model has two basic assumptions. The first is continuous dielectric assumption. In this assumption water (or the solvent) is a continuous dielectric and is not considered to be composed of molecular species. The second, is a continuous charge distribution in the ionic atmosphere. Put differently, charges of the ions in the ionic surrounding atmosphere are smoothened out (continuously distributed).
Debye and Huckel applied the Boltzmann statistical distribution law and the Poisson equation for electrostatics in the model above (1, 6, 10) . In the calculations using the model above they considered one particular ion (the reference ion, or central ion) with 
